Abstract: Six field experiments were conducted over a two-year period (2013 and 2014) to evaluate the tolerance of white bean and spectrum of weeds controlled with halosulfuron applied preplant incorporated (PPI) alone or tankmixed with trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor. Halosulfuron applied alone or in tankmix with trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor caused 2% or less visible injury 1 and 4 weeks after emergence (WAE). Halosulfuron applied PPI controlled common lamb's-quarters, wild mustard, redroot pigweed, and common ragweed greater than 90% and green foxtail less than 60% 4 and 8 WAE. Weed biomass and density followed a similar pattern. White bean yield with halosulfuron applied alone or in tankmix with the same herbicides was equivalent to the weed-free control.
Introduction
Ontario is the largest white bean (Phaseolus vulgaris L.) producing province in Canada. In 2014, white bean was grown on approximately 36 400 ha in Canada of which 24 300 ha, or 67%, was in the province of Ontario (Statistics Canada 2015) . In 2014, there was 77 700 tonnes of white bean produced in Canada of which 59 600 tonnes, or 77%, was produced in Ontario with a farm gate value of over $38 million (Kumuduni 2014; Statistics Canada 2015) .
Weed management is a critical component of successful white bean production, since white bean is very sensitive to weed interference. Weeds compete with white bean for resources and can decrease white bean quality and yield (Wilson et al. 1980; Blackshaw and Esau 1991; Chikoye et al. 1995 Chikoye et al. , 1996 . In a study by Chikoye et al. (1995) in Ontario, Canada, white bean yield was reduced 58% due to weed interference. Malik et al. (1993) reported yield losses of 77% in white bean due to weed interference. More studies showed white bean yield losses of 81 and 68% due to uncontrolled weeds (Soltani et al. 2014a, b) . Weeds also can decrease harvest efficiency or cause seed staining, which results in reduced bean quality (Wilson et al. 1980; Wilson 1993 ) and dockage at the point of sale.
Halosulfuron, a sulfonylurea herbicide, applied preplant incorporated (PPI) controls many annual broadleaf weeds that are commonly found in Ontario, including common lamb's-quarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), velvetleaf (Abutilon theophrasti Medic.), wild mustard (Sinapis arvensis L.), common cocklebur (Xanthium pennsylvanicum L.), jimsonweed (Datura stramonium L.), and lady's thumb (Polygonum persicaria L.). It also has activity on nutsedge species (Cyperus spp.) (Senseman 2007) . Halosulfuron was first registered for weed control in dry beans in Ontario in 2014. It can be applied preplant incorporated (PPI), preemergence (PRE), or postemergence (POST) in white bean (Soltani et al. 2009 ). There is a wider margin of crop safety in white bean when halosulfuron is applied PPI or PRE compared with POST (Soltani et al. 2009 ). Halosulfuron is more efficacious on annual broadleaf weeds when applied PPI or PRE than POST. In a study by Brown and Masiunas (2002) , halosulfuron applied PRE provided 94, 88, and 90% control of redroot pigweed, velvetleaf, and lamb's-quarters 3 weeks after application (WAA), respectively. At 6 WAA, the control of the above three weeds increased to 98, 96, and 98%, respectively. Halosulfuron, applied POST, controlled lamb's-quarters only 38% in a study conducted by Soltani et al. (2013a) . Halosulfuron suppresses annual grasses with only 50% control of green foxtail [Setaria viridis (L.) Beauv.] (Senseman 2007; Soltani et al. 2014a) . Halosulfuron tankmixed with an effective soil-applied grass herbicide may expand the spectrum of weeds controlled. There are five soil-applied herbicides registered for controlling annual grasses in white bean in Ontario: trifluralin, pendimethalin, EPTC, dimethenamid-P, and S-metolachlor. These herbicides control some annual grass species including green foxtail, giant foxtail (Setaria (Senseman 2007; OMAF 2012) . Soltani (2012a, b) reported that trifluralin, EPTC, dimethenamid-P, and S-metolachlor provided 95% control of green foxtail.
The objective of this research was to determine the spectrum of weeds controlled, the level of crop injury, and white bean yield when halosulfuron is applied alone or in a tankmix with trifluralin, pendimethalin, EPTC, dimethenamid-p, or S-metolachlor, applied PPI.
Materials and Methods
Six field experiments were conducted over a two-year period (2013 and 2014) at the Huron Research Station near Exeter, Ontario (2013 and 2014) , and at the University of Guelph Ridgetown Campus near Ridgetown, Ontario (2014) . The soils for the two trials near Exeter in 2013 were a Brookston clay loam with 29% sand, 44% silt, 27% clay, 3.6% organic matter and pH of 7.7 at site 1 and 18% sand, 46% silt, 36% clay, 4.7% organic matter and pH of 7.5 at site 2. The soils for the two trials near Exeter in 2014 were 31% sand, 42% silt, 27% clay, 3.8% organic matter and pH of 7.7 at site 3 and 41% sand, 40% silt, 19% clay, 3.3% organic matter and pH of 7.7 at site 4. The soils for the two trials near Ridgetown in 2014 were a Fox sandy loam with 50% sand, 25% silt, 25% clay, 2.9% organic matter and pH of 7.1 for sites 5 and 6. Seedbed preparation consisted of fall moldboard plowing followed by two passes with a field cultivator with rolling basket harrows in the spring.
The experimental design was a randomized complete block with four replications. Treatments are listed in Table 1 . Each plot was 3 m wide consisting of four rows (spaced 0.75 m apart) of 'T9905' white bean. Plots were 10 m long at Exeter and 8 m long at Ridgetown, respectively. White bean was seeded at a rate of 250 000 seeds ha −1 in late May to early June of each year. Beans were planted on 27 May and 7 June 2013 for site 1 and 2 at Exeter, respectively. In 2014, beans were planted on 4, 10, 6, and 18 June in site 3 to 6 at Exeter and Ridgetown.
The herbicides were applied on the same day as seeding and were immediately incorporated into the soil to a depth of 5 cm with two passes (in opposite directions) of an S-tine cultivator with rolling basket harrows. Herbicides were applied with a CO 2 pressurized backpack sprayer calibrated to deliver 200 L ha −1 of spray solution at a pressure of 200 kPa using ULD 120-02 (Hypro, New Brighton, MN) ultralow drift nozzles. The spray boom was 1.5 m in length with four nozzles spaced 50 cm apart. White bean injury and weed control were estimated visually on a scale of 0 (no injury/control) to 100% (complete plant death) 1 and 4 weeks after emergence (WAE), and 4 and 8 WAE, respectively. Weed density and dry weight were determined 8 WAE by counting and cutting the weeds at the soil surface in two 0.5 m 2 quadrats per plot and separating by species. Quadrats were placed between the two middle rows of white bean in each plot at least 1 m inward from the back and front of plot. Plants were dried at 60°C in an oven to constant moisture and then weighed. White bean was considered mature when 90% of the pods in the weed-free control had turned from green to golden in colour. White bean was harvested from the center two rows of each plot with a plot combine. White bean weight and moisture content were recorded and yields were adjusted to 18% seed moisture content.
Data were analyzed using PROC MIXED in SAS version 9.3 (SAS Institute Inc., Cary, NC). Herbicide treatment was considered a fixed effect, while location, block within location, and their interactions were considered random effects. Significance of fixed effects were tested using F tests and random effects were tested using a Z test of the variance estimate. The UNIVARIATE procedure was used to test data for normality and homogeneity of variance. Any treatment assigned a value of zero was excluded from the analysis: weedy and weed-free control for injury; weed-free control for weed control, weed density, and weed dry weight. All analyses were considered significant at α = 0.05. Tukey adjusted means comparison was conducted to determine significant differences among the treatments evaluated.
Results and Discussion

Crop injury
Data were pooled across environments. Trifluralin, pendimethalin, EPTC, dimethenamid-P, S-metolachlor, halosulfuron, trifluralin + halosulfuron pendimethalin + halosulfuron, EPTC + halosulfuron, and S-metolachlor + halosulfuron, applied PPI, injured white bean 2% or less. Dimethenamid-P + halosulfuron caused 2% injury at 1 and 4 WAE in white bean (Table 1) . Soltani et al. (2014a, b) reported no injury in white bean with trifluralin, S-metolachlor, or halosulfuron applied PPI while S-metolachlor + halosulfuron resulted in 1% injury to white bean. Halosulfuron, applied POST, caused 9, 4, and 1% injury in white bean at 1, 2, and 4 weeks after application (WAA), respectively (Soltani 2012a, b) . The same study showed that it is more safe to apply halosulfuron PPI or PRE than POST in white bean (Soltani 2012a, b) . This study indicates that the crop safety margin is adequate in white bean with the soil-applied grass herbicides tankmixed with halosulfuron applied PPI. These results are consistent with Soltani et al. (2014a, b) who reported that halosulfuron, trifluralin + halosulfuron, and S-metolachlor + halosulfuron did not damage white bean. In previous studies, it has been reported that halosulfuron, applied PPI, is safe for use on most market classes of dry beans with the exception of adzuki, mung, and snap bean (Silvey et al. 2006; Soltani et al. 2009 Soltani et al. , 2013a Stewart et al. 2010) . Halosulfuron, applied PPI, caused 58 to 70% injury in adzuki bean and reduced adzuki bean height 52 to 70% (Soltani et al. 2009 (Soltani et al. , 2012a Stewart et al. 2010) . Silvey et al. (2006) reported that halosulfuron applied PRE, POST, and PRE follow by POST caused 4, 8, and 5% injury in snap bean and reduced snap bean yield 11, 7, and 15%, respectively.
Weed control
The primary weed species at the experimental sites were common lamb's-quarters, wild mustard, redroot pigweed, common ragweed (Ambrosia artemissifolia L.), and green foxtail. Data were pooled across environments (Tables 2-6 ).
Common lamb's-quarters
Halosulfuron, applied PPI, alone and in tankmix with either trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor provided greater than 96% control of lamb's-quarters at 4 and 8 WAE (Table 2) . Trifluralin, pendimethalin, EPTC, and dimethenamid-P provided 72 to 87% control of common lamb's-quarters control at 4 WAE, but the control declined to 54 to 77% at 8 WAE. S-metolachlor was the least efficacious of the herbicides evaluated for the control of common lamb's-quarters with 38 and 19% control at 4 and 8 WAE, respectively (Table 2) . Common lamb's-quarters density and dry weight reflected the control ratings. Halosulfuron, applied alone, reduced common lamb's-quarters density 98% and biomass 98% compared with the weedy control ( Table 2 ). The addition of trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor to halosulfuron did not reduce common lamb's-quarters density or dry weight compared with halosulfuron applied alone ( Table 2) .
In other studies, trifluralin and S-metolachlor provided 94 and 82% control of common lamb's-quarters 4 WAE, respectively (Soltani et al. 2014a ). The control of common lamb's-quarters with S-metolachlor decreased to 63% at 8 WAE; however, common lamb's-quarters dry weight was still equivalent to the weedy control (Soltani et al. 2014a ). Soltani et al. (2010) reported 62 and 92% common lamb's-quarters control with trifluralin applied PPI at two locations. Pendimethalin provided suppression of common lamb's-quarters (Betts and Morrison 1979; Ferrell et al. 2003; Soltani et al. 2013a ). Soltani et al. (2013a) reported 80 to 97% control of common lamb's-quarters with pendimethalin applied PPI. Halosulfuron applied PRE provided 90 to 98% control of common lamb's-quarters in pumpkin and applied PPI provided 96 to 100% control of common lamb's-quarters in white bean (Brown and Masiunas 2002; Soltani et al. 2014a) . Halosulfuron, applied POST, does not control common lamb's-quarters as well. Halosulfuron and halosulfuron + fomesafen applied POST provided 36 and 57% control of common lamb's-quarters, respectively (Soltani et al. 2013b ).
Wild mustard
Trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor, applied PPI, provided 3 to 70 and 0 to 27% control of wild mustard at 4 and 8 WAE, respectively. Among the soil-applied grass herbicides, EPTC and dimethenamid-P were the most efficacious with 66 to 70% wild mustard control at 4 WAE, but the control decreased to 24 to 27% at 8 WAE, respectively. Pendimethalin did not control wild mustard better than 3% at 4 and 8 WAE, respectively and wild mustard density and dry weight were equivalent to the weedy control. Trifluralin, EPTC, dimethenamid-P, and S-metolachlor reduced wild mustard density 64, 18, 74, and 53% and wild mustard dry weight 38, 2, 75, and 64%, respectively. Halosulfuron applied alone or in tankmix with either trifluralin, pendimethalin, EPTC, dimethenamid-P, or Smetolachlor controlled wild mustard greater than 98% and wild mustard density and dry weight was equivalent to the weed-free control (Table 3) . Soltani et al. (2014a, b) reported that trifluralin and S-metolachlor controlled wild mustard 14 and 12% at 8 WAE, respectively, and no decrease in wild mustard density and dry weight compared with the weedy control which is similar to the results from this study. In addition, Soltani et al. (2014a, b) reported that halosulfuron, halosulfuron + trifluralin, and halosulfuron + S-metolachlor provided 100% control of wild mustard which similar to the results in this study. Friesen (1987) in a four-year study on weed management in sunflower reported that EPTC provided 33% control of wild mustard which is similar to the results from this study. 
Redroot pigweed
Halosulfuron and halosulfuron tankmixes controlled redroot pigweed 100% at 4 and 8 WAE and there was a 100% reduction in redroot pigweed density and dry weight (Table 4) . Trifluralin, pendimethalin, dimethenamid-P, and S-metolachlor controlled redroot pigweed 87 to 97% and 93 to 95% at 4 and 8 WAE, respectively. At 8 WAE, trifluralin, pendimethalin, dimethenamid-P, and S-metolachlor reduced redroot pigweed density 97, 94, 79, and 88% and redroot pigweed dry weight 97, 93, 92, and 94%, respectively. EPTC applied PPI, averaged 79% control of redroot pigweed at 4 and 8 WAE and reduced density and dry weight 30 and 85%, respectively (Table 4) . Soltani et al. (2014a, b) reported that trifluralin, Smetolachlor, halosulfuron, halosulfuron + trifluralin, and halosulfuron + S-metolachlor provided 96, 95, 100, 100, and 100% redroot pigweed control at 8 WAE, respectively. Similar results of redroot pigweed control with trifluralin, pendimethalin, EPTC, dimethenamid-P, and S-metolachlor were reported by Soltani et al. (2012b) . Halosulfuron applied POST controlled redroot pigweed 80% (Soltani et al. 2013b ).
Common ragweed
Trifluralin, pendimethalin, and S-metolachlor provided 10 to 15% and 1 to 13% control of common ragweed at 4 WAE and 8 WAE, respectively (Table 5) . EPTC and dimethenamid-P controlled common ragweed better than the previous three herbicides; however, they still did not provide commercially acceptable control with 56 to 62% and 41 to 52% common ragweed control at 4 and 8 WAE, respectively. Halosulfuron and halosulfuron tankmixes provided greater than 96 and 91% control of common ragweed weed at 4 and 8 WAE, respectively. Common ragweed density and biomass with halosulfuron applied alone and in tankmix with trifluralin, pendimethalin, EPTC, dimethenamid-P were equivalent to the weed-free control (Table 5 ). The common ragweed density with trifluralin, pendimethalin, EPTC, dimethenamid-P, and S-metolachlor was equivalent to the weedy control. EPTC decreased common ragweed dry weight 75% (Table 5) . Soltani et al. (2014a, b) reported that halosulfuron, halosulfuron + trifluralin, halosulfuron + S-metolachlor provided 90 to 98% common ragweed control. In another study, halosulfuron controlled common ragweed 91 to 94% (Soltani et al. 2013b) . Soltani et al. (2012a, b) reported that trifluralin, pendimethalin, EPTC, dimethenamid-P and S-metolachlor provided 34, 20, 60, 26, and 50% common ragweed control at 8 WAE, respectively.
Green foxtail
Trifluralin, pendimethalin, EPTC, dimethenamid-P, and S-metolachlor, applied PPI, provided greater than 91% green foxtail control (Table 6 ). When the above herbicides were applied in tankmix with halosulfuron there was no improvement in green foxtail control. Halosulfuron, applied PPI, provided 59 and 47% green foxtail control at 4 and 8 WAE, respectively (Table 6) . Halosulfuron, applied PPI, reduced green foxtail density and dry weight 53 and 67%, respectively. In contrast, the soil-applied grass herbicides, trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor, decreased green foxtail density and biomass greater than 92%.
The poor control of green foxtail with halosulfuron in this study is consistent with other published research. Soltani et al. (2014a, b) reported that halosulfuron provided 53 and 56% green foxtail control at 4 WAE and 8 WAE, respectively. In addition, Soltani et al. (2014a, b) found that halosulfuron + trifluralin and halosulfuron + S-metolachlor controlled green foxtail 93%.
White bean yield and seed moisture content
The reduced weed interference with all of the herbicide treatments evaluated resulted in white bean yield that was greater than the weedy control (Table 1) . Reduced weed interference with trifluralin, pendimethalin, EPTC, dimethenamid-P, and S-metolachlor resulted in an increase in white bean yield of 47, 20, 67, 47 , and 47% compared with weedy control, respectively (Table 1) . However, white bean yield with the soil-applied grass herbicides was less than halosulfuron applied alone, halosulfuron tankmixes, or the weed-free control. Although the soil-applied grass herbicides provided over 90% annual grass control, annual broadleaf weed control was variable (Tables 2-6) resulting in reduced white bean yield relative to the weed-free control. White bean yield with halosulfuron applied alone or in tankmix with a soil-applied grass herbicide was equivalent to the weed-free control (Table 1) . White bean yield with halosulfuron, trifluralin + halosulfuron, pendimethalin +halosulfuron, EPTC + halosulfuron, dimethenamid-P + halosulfuron, and S-metolachlor + halosulfuron was 2.6, 2.6, 2.9, 2.9, 2.7, and 2.9 tonnes ha −1 , respectively, which was equivalent to the weed-free control (2.9 tonnes ha −1 ) ( Table 1) . The results of this study conclude that there is an adequate margin of crop safety in white bean to the PPI application of trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor applied alone or in tankmix with halosulfuron. Trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor + halosulfuron provided excellent full season control of lamb's-quarters, wild mustard, redroot pigweed, common ragweed, and green foxtail. White bean yield was equivalent to the weed-free control with the above herbicide tankmixes. The registration of trifluralin, pendimethalin, EPTC, dimethenamid-P, or S-metolachlor + halosulfuron applied PPI will provide broad spectrum weed control in white bean with an adequate margin of crop safety.
